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STRESS ANALYSIS OF MONOCOQUE FUSELAGE BULKHEADS 
BY THE PEOTOELASTIC METHOD 
By Benjamin F. Ruffner 

SUMMARY 



An investigation was made to determine the possibil- 
ity of usin^ the photoelastic method for the stress analy- 
sis of "bulkheads in monocoque structures.. The method vras 
applied to several typical bulkheads including a circular 
ring with floor beam, a circular ring attached to the main, 
wing spar, and a flying-boat bulkhead. Methods for the 
construction of models and test technique are given. 
Tests of circular ring models were made to determine the 
effect of the skin thickness on the model results. Cor- 
rection factors for the elimination of skin offect are in- 
cluded. The results indicate that the photoelastic method 
is quite accurate. The method is recom.mended for use 
where bulkheads with a large number of redundancies are 
present, 

INTRODUCTvIOIT 



Since .the. monocoque and the semimonocoque types of 
construction have- come into general use,, many analytical 
methods "of 'stress analysi s of stiffening rings and bulk- 
head^s h'ave -been published. ' The- simplest type, the. circu- 
la-r' irl'ng o-f constant bending stiffness^ offers some ana- 
lytical dif f laulty .although m.any spQ.cial cases of loading 
for this type have been treated (references 1, 2, and 5), 
Certain genornl .m-et hods- ^of analysis of noncircular, non- 
unifcfrm rings have be.en '.di scus-s'efl. (references 4 and 5)-, 
but the- use.' of these methods .involves -either extremely 
complicated analysis 'ot'. labarious graphical m-ethods. In 
actual aircraft structures circular ring bulkheads of 
uniform section are usually not the most efficient design. 

In many actual cases the an^^lysis of the bulkheads is 
further complicated by the attachment of flocr beams, wing 
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"beams, and other memhers. These memlDers, if tied into the 
"bulkhead, tend to increase the numher of r edunda nc ie s • 
This increase affects the stress di str ihut i on in the "bulk- 
head and greatly complicates the prohlem of analysis. Al- 
though some of the analytical methods discussed in the ref- 
erences may "be used in the general case, they are so laho- 
rious and the possibility of error is so great that they 
^re impractical for use in routine design. 

Several years ago it was pointed out (reforenco 5) 
that the photoelastic method could Idc used for the solution 
of this hulkhead prohlom. The puri:oso of the investiga- 
tion reported herein is to develop a technique for the pho- 
toelastic solution of the prohlem. The present report 
deals with the construction of the models, the methods of 
loading, certain short cuts in tho analysis of "bending mo- 
ment that seem to "bo Justified, and the effect of certain 
varip.'blos on the accuracy of tho test method. 

APPARATUS 



The apparatus used in tho tests reported is located 
in the photoelastic lalDoratory at Oregon State College. 
The light source on the photoelastic polariscope consists 
of ca type E-4 mercury vapor lamp. Light filters are used 
to transmit the green light, in the mercury vapor spec- 
trum, having a wave length of 5460 angstrom units. The 
polarized field in which models may "be placed is 6^ inches 
in diameter. The image of the stressed m.odel is focused 
either on a screen or on a photographic film. The light 
in the working field is circularly polarized hy means of a 
6t-inch sheet of Polaroid and a S^-inch one-quarter wave 
plate. The analyzer units consist of another 6i~inch one- 
quarter v/ave plate and another S^-inch sheet of Polaroid. 
A photograph of the polariscope is shown in figure 1. 

Material selected for the construction of the m.odels 
was Bakelite BT-61-893. This material may he easily ma- 
chined, polished, and annealed ^-^nd has a high elastic 
limit .--^nd a high stress-optic coefficient. 
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COlTSTEUCTIOrl AHD MOUITTII^G OF MODELS 



In order to olDtain gocd results from photoclagtic tests, 
it is important that the models being tested "be properly- 
designed and constructed. The faces of the model perpen- 
dicular to the path of the light in the polariscope should 
"be true plane surfaces, free from scratches, and highly- 
polished. When tested, the modols should, in the unloaded 
condition, "be free from initial stress or its optical 

• equivalent. Whenever possible the m-odel should be geomet- 
rically similar to the actual structure. In many models, 

•however, geometric sir.ilarity is not possible because of 
the rcquirem.ent that the faces of the model perpendicular 
to the light path be parallel. 

In the present investigation of bulkheads or stiffen- 
er rings in monocoque structures, the largest stresses in 
these rings pre those due to bending. . If the model is so 
designed as to represent the proper distribution of bend- 
ing moment in the bulkheads, the results obtained from the 
model tests will be satisfactory. Many full-scale bulk- 
heads and stiffener rings are constructed of built-up sec- 
tions, I sections, T sections, or other extruded sections 
of various shapes. In the design of models of the'se full- 
scale structures it is usually simplest to have the model 
of constant thickness and to vary the depth of the cross 
section at each point in such a way that the ratia of the 
bending stiffness of any section of the m.odel to bendihg 
stiffness of the corresponding full-scale section is the 
same for all cross sections. The shape of the neutral 
axis on the model should then bo geometrically siFiilar to 
the full-scale original. The bending stiffness will be 
designated by EI, which is the product of the modulus elas- 
ticity and the mom^ent of inertia of the section in the 
plane of bending. If the model is designed in this fash- 
ion, the distribution of bending moment in the m.odel will 
be very close to the distribution of bending r.oment in the 
full-scale structure . 

If extremely heavy nnd stiff bulkheads nre being test- 
ed in which the shear stresses -^re Iprge as comipared with 
the stresses due to bending, then it m.ay be necessary to 
build a model of varying thickness. In most practical 
cases, however, such c onstru.ct i on may be avoided. 

The material for the model, Bakelite BT-61-893, is 
available in sheets of various thicknesses from. l/4 inch 
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to 1/2 inch. The procedure used for the construction of 
the models v/as as foil ov/s: 

1. The outlines of the model v/ere accurately laid 
out on the "oakelite sheet and v/ere scribed lightly on the 
surface . 

2. The model v;as cut to within ahout 3/32 or 1/8 
inch of the scribed lines on a jigsaw. In this operation 

a fine, sharp saw was used and the material was cut slowly, 
care "being taken that the material did not become heated^ 

3. The faces of the model were sanded and polished, 

A pov/er sander was used until the surface v/as fairly smooth 
and the model was of constant thickness^ The model was then 
polished on a polishing lap; levigated alumina was used as a 
polishing abras.ive. 

4. The model was annealed after polishing to remove 
any initial stress or optical birefringence. The anneal- 
ing ove^ used holds a temperature of 260^ F for 12 hours 
and then cools at the rr.te of 16° ^ per hour dov/n to room 
temperature* . 

5» Sometimes, after annealing, a. small amount of 
pel i shing .was necessary, . 

6» The model v/as cut to f inal . dimens ions by one of 
the methods discussed in the following paragraphs* The 
final model should hr.ve its faces parallel,' its corner-s 
sq^uarc and sharp, and its faces free. of scratches. 

The model may be cut to final shape v.rith many types of 
machine tools. It is important to be sure that tools are 
sharp and th?t final finishing cuts are very light in order 
not to introduce machining stresses into the model. 

The circular rings shown in figure 3 were all cut on a 
small bench lathe. The model v/as first cemented to a 
smooth v/ood face plate, using Dennison^s or Duco household 
cement or similar adhesive to hold the model on the face 
plate. Under no conditions should the model be held di- 
rectly in the jaws of a chuck because stresses may be in- 
troduced. The model was cut with a sharp tool to final 
size. The last few cuts did not remove more than 1/1000 
of an inch. The model was then removed from the wood face 
plate by soaking in acetone, v^hich dissolves the adhesive 
used but does not affect the bakelite or the polish on the 
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surface. Once the r^odel has been cut, it should not "bo 
polished again as polishing at this point may round the 
corners and interfere with the determination of edge 
stresses* The model was tested as soon as possible after 
completion as effects of birefringence begin to appear 
on the model a short time afterward. A photograph of a 
circular ring model set up in the lathe is shov/n in fig- 
ure 4 . 

For cutting models having straight edges, the use of 
a xmilling machine is quite satisfactory. Here again, 
however, models should be cemented to a v/ood block rather 
than held directly in a vise. It is i report ant to use a 
sharp cutter and to take small finishing cuts. 

For cutting m.odels such as the flying-boat bulkhead, 
model 7 (fig* 3), a vertical mill or shaper is very con- 
venient, A metal template 7-.T (fig. 3) was first cut out. 
The drav/ing of the bulkhead model and template is shown 
in figure 5. This template was 0.032 inch undersize on 
all edges. In figure 6 are shovm the method, of attaching 
the model to a wood face plate and the method of attaching 
the meta.1 template to the bakelite stock. A hardened and 
ground steel collar was fitted over the milling cutter and 
adjusted to ride against the template. The thickness of 
the xirall of this collar was the same as the amount that 
the template was cut under size, in this case 0.032 inch. 
In som.e casos it may be necessary to feed the model into 
the cutter by hand. This method is quite satisfactory if 
care is taken not to feed too rapidly. If possible, the 
wood face plate should be miounted in a compound rest. Feed- 
ing screws should be used. Figure 7 shows the model set up 
in the vertical mill. The wood and template may be removed 
from the model by soaking in ncetono in the same m.anner as 
previously described. 

With, the exception of a few preliminary tests on the 
circular rings, all models were supported as bulkheads in 
monocoque structures. Loads were applied directly to 
these bulkheads and the reactions were taken through the 
thin skin» For test purposes it was found most convenient 
to mount the bulkheads at one end of a cantilever tube as 
shown i-n figures 8, 9, and 10. Several* materials for the 
skin were tried, including cardboard, fiber board, and 
celluloid. All these materials can be used but thin sheet 
celluloid was found to be by far the most satisfactory. 
In the construction of these models several requirements 
must be met: First, the light rays in the polariscope 
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must pass through the nodol unobstructed tj the skin or 
supports. Soaond, the loads must he applied to the hulk- 
head. Third, the mounting must ho rigid in order that 
the deflect ions .under load are not so gre^^t as to move the 
model into a position v/hcre the light will be obstructed. 

In order to keep the light path free so that edge 
stresses on the model could be determined readily, a 
slight taper, as shown in figure 9, was introduced into 
the skin support of the model* The amount of taper v/as 
varied. on several tests; about 2^^ seems to be the most 
satisfactory amount. The procedure for constructing the 
mounting for the model was as follows: 

1. A drav/i.ng of the support was made. 

2» A drawing of an accurate development of the skin 
surface was made which v/as used as a pattern for cutting 
the celluloid skin. Bdges of this celluloid skin were 
v/elded together as a butt v;eld vrith the inner surface 
flush. A cover plate of celluloid was used. The actual 
wold was made by moistening both the skin and the cover 
plate with acetone ^.nd clamping in place till dry. 

3. A wood form was cut out to .hold.the celluloid 
skin. The skin was cement od . t o this form with Dennison's 
or Duco household cement, as shown in figure 9. 

4. The bakclito model . v/as ■ then cemented into the 
skin v/ith the same adhesive. A completed model of the el- 
liptic ring is shown in figure 8. 

In figure 10 is shown a circular ring m.odel set up. in 
the polariscopc for test, 

• TESTS 05^ CIHCTJLAE RINGS WITH DIAMETHICAL LOADS 



The problem, of analysis of a bulkhead ring consists 
fundamentally in determining the forces and moments at, one 
or several sections. If this procadure is folloxved, forces 
and moments at other sections of the ring may be determined 
"by applying the principles of statics. In many practical 
cases, when the bulkhead is supported by a varying shear 
reaction in the skin to which it is attached, the problem 
in statics involved, even after forces and moments at one ^ 
section arc known, is still difficult to solve. It was 
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"believed that, if the stresses at the innor and outer fi- 
"bers of the l^ulkhead were known, the moments could he 
calculated with sufficient accuracy if linear distribu- 
tion of the "bending stress across the section were assumed* 
From a photoelastic test it is a simple matter to deter- 
mine the boundary stresses, It is well known that, if the 
"beam is curved, the assumption of linear stre s s, di strihu-r 
tion does not apply; however, it may he demonstrated that, 
as the ratio of the depth of the "beam to the radius of the 
curvature of the neutral axis becomes small, linear stress 
distribution is approached, A series of tests iiras made to 
determine v^hat accuracy could be obtained in practical 
problem.s if linear stress distribution v/dre assumed. 

In a beam, subjected to bending, the shear force per- 
pendicular to the neutral axis is zero at a section of 
maximum moment; consequently, at such a section the princi- 
pal stresses are perpendicular and parallel to the neutral 
axis and, furthermore, the principal stress perpendicular 
to the neutral axis is zero if the boundaries are unloaded 
(references 7 and 8). In a field of circularly polarized 
light, each interference fringe appearing on the image of 
the photoelastic model represents the locus of points 
where the. -diffe rence between the- principal stresses is equal 
to a constant times the fringe order (references 7 and 8). 
At a section of maximum moment, therefore, the bending 
stresses may be computed directly from the fringe photo- 
graph and a plot ".of bending st re s s against depth of beam 
may very readily he made at this -one section. If the dis- 
tribution of stress with depth of beam is known, the bend- 
ing moment due to these stresses miay be accurately deter- 
mined by a graphical integration. In order to determine 
the difference between the exact bending moment and the 
approximate value obtained by assuming linear distribution, 
a series of tests was run on four circular ring models of 
constant EI. These rings were subjected to concentrated 
loads on the diameters. Models were set in the field of 
the polari scope ,' loads were applied, and a photograph of 
the fringe pattern was taken. In figure 11 model 4 is 
shown set up for diametrical load test. In figure 12 is 
shown the fringe pattern for model 4 loaded with a diamet- 
rical load of 51.3 pounds. 

In roforonce 1 the following formula (in substantially 
the same form.) is.- .given .for the computation of bending mo- 
ments in a circu-lar ring of constant SI subjected to di- 
ametrically opposed loads: 
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M 



sin 6 



) 



whor 0 
M 



bending momont at any cross section of ring, 
pound-inches 

e varialDlo angle (See fig. 9.) 

W load aT)pliod to ring, pounds 



Ejjj mean radius, inches 



This formula wa 
linear stress distri 
ring section, that t 
shape, and that the 
and shear forces is 
here for purposes of 
from the photoelasti 
cal solution. Where 
tension, the moment 
is assumed to he pos 
cent er • 



s derived on the assumpti 
hution existed across the 
he loaded ring is still c 
strain energy due to the 
negligible. The formula 

comparison of the result 
c tests with the approxim 

the inner surface of the 
is assumed to he positive 
itive when it acts outv/<^r 



on that a 

depth of the 
ircul^r in 
a,xial loads 
is included 
s obtained 
ate theoreti*- 
■ ring is in 
The lead 
dly from the 



In order to determine the value of the principal 
stress difference corresponding to any particular fringe, 
it is necessary to knox^r, for the material ?^nd v/avo. length 
of light used, the value of the principal stress differ- 
ence per fringe order. In order to obtain this value, a 
rectangular beam model 0.363 inch deep and 0.300 inch 
thick was cut from the same material that was used for the 
rings» This model was supported as a simple beam of 4- 
inch span and was loaded with equal loads 1.0 inch from 
each support. The equal loads vrere each 10.24 pounds, 
which gave a maximum constant bending m.oment between the 
loads of 10.24 inch-pounds. The stress in the outer fi^ 
bers at . a distance c from the neutral axis at the center 
section is given by the formula 



or = 



Mc ^ 10.24 X 0.1815 
I 0.001195 



= 1555 pounds per square inch< 



?rom the frin..:c photograph of this calibration beam (fig, 
13) the fringe order at the outer fibers was determined 
to be 5*15. This value gives a principal stress differ- 
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oncG of CJi - as = 302 n, v/horc n is the fringo order 
for tho model of d;3C0-inch thickness. Since, for a given 
material and v/ave length of light, the stress per fringe< 
order is inversely proportional to the thickness, the mate- 
rial used may then be considered to have a stress per 
fringe order per inch thickness equal to K = 90*6 pounds 
per square inch per inch thickness. 



els. 
figure 2. 



In tahle I pre given dimensions of circular ring mod- 
The symbols used for the dimensions are defined in 
In table II are shown the loads and moments at 
the point 6 = 90^ for the four circular ring models test- 
ed. The moments were computed by two different methods. 
The first method assumed' that the stress distribution 
across the section was linear. On the basis of this assump- 
tion, thotensilestressis 

Mc ^ P 



and the compressive stress 



Mc 



P 
A 



where P is defined as the axial force and A is the 
cross-sectional area of the ring. The sum of the tensile 
and compressive stresses is, then, 



or 



_ 2Hc 



2c 



Since pt the outer fiher one of the principal stresses is 
zero and the other is equal to either the tensile or com- 
pressive stress, then 

k n^ 



h 

_ k nt 



whore n,, is the fringe order rt the outer fiber on the 
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compression sido and n^ is tho fringe order at the outer 
fitor on the tension side. Therefore, 



I.I = 



or 



I k (n, 



-t) 



2ch 



I. - ^ ^^c ^ ^t) 
12 



(1) 



From equation (l) it is- apparent that the bending "mo-- 
ment m.^y "be calculated immediately from the photographic 
pattern if the fringe orders on the compression and ten- 
sion sides of the beam are known. In order to determine 
these fringe orders, the fringe order may be plotted 
against the depth of the beam and values of fringe orders 

may then be picked from the curve. J'ig- 
plot for the points 6 = 90^ and 
test made on model 4, This plot was 
the location of the fringes on the pho- 
figure 12. Results of these measure- 



at the boundaries 
ure 14 shows this 
e = 270^ for the 
made by measuring 
tograph shown in 



ments are given in table III. 
desired, it is unnecessary to 
against depth. In many c-^ses 
termined merely by inspection 
spection the fringe order can 
of a fringe order • 
on model 4, 



If great procuracy is not 
plot the fringe order 
the fringe orders may be de- 
of the photograph. By in~ 
be determined within ±0.3 
If eauation (l) is apx)lied to the test 



M 



(Q>495)^ (90.6) (4.44 + 6.6l) 
12 



= 20.55 



This equation gives a value of M/WHj,j as follov/s: 

M 20.55 



51.3 (2.C02) 



= 0.200 



At the section of maximum, moment at the points 



6 = 90^ and 6 = 270^ 



a s 



Lown in figure 12, the stress 



across these sections may be computed as in table III and 
plotted as in figure 15, Those stresses are producd by 
combined action of bending nnd axial loads. The average 
stress across the cross section is given by the mean ordi- 
nate of the curve. The point in the cross section where 
the com.bined stress is equal to the mean ordinate is the 
point of location of the neutral axis. 
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The ^.ctur^l "bending moment may "be computed at these 
points "by finding the value 



where a' is the TDending stress and y* is the distance 
from the neutral axis. In table IV values of y' are 

given. If the product O' ^ y* is plotted against the depth 
of the "beam as in figure 16, the area under the curve is 
the value under the integral in the equation for M, Send- 
ing moments at the maximum points wore computed for all 
four rings tested with diametrical loads, and the values 
.^re given in tahle II in the column headed ''M/V/Rj,^ (com- 
puted from actual stress di st r i "but i on ) . " 

The average value of M/V/Rm at 6 = 90^ for the four 
rings was 0.2004 when the simplifying assumption of linear 
stress distribution made. The n.voragc value o"btained 

"by the more lengthy graphical method, which is theoretical- 
ly the more accurate, was 0.2028. The difference between 
these values is about 1 percent, which is loss than the ex- 
perimental error normally present in any photoelastic test* 
In view of the excellent agreement between those two meth- 
ods, it is believed that the use of the assumption of lin- 
ear stress distribution is fully justified and this method 
was used in all subsequent tests. 

The assumption of linear stress distribution makes the 
determination of bending moments possible nt all sections 
merely by determining the boundary stresses. If these 
boundaries are unloaded, the boundary stresses pre princi- 
pal stresses and one of them is zero. Consequently, a 
knowledge of the fringe orders at the boundaries immediate- 
ly gives the combined stress due to bending and axial load 
and the bending moments may bo computed by equation (l). 
The other method is applicable only to sections of maximum 
moment; it is fortunate, therefore, that the linear assump- 
tion is justified. 

In figure 17 are shown curves of M/WRr^ against 9 
calculated from Miller and Wood's theoretical solution 
(reference l) and from the fringe photograph of figure 12 
by use of the assumption of linear distribution. The shapes 
of the curves show excellent ngrecmont. The maximum dif- 



M 




0 
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ference between the tv/c curves occurs at the point of max- 
imum positive moment. The difference is about 10 percent 
of the value obtained from the photoelastic tests. Of the 
two, the results obtained from the photoelastic tests 
should be the more accurate because the theoretical values 
are based upon a strain-energy solution in which the strain 
energies due to shear and axial loads are neglected. 

TESTS OF CIRCULAR RIITGS SUPP0RT3D AS BULKHEADS 

Soth on the models and in actual monocoque structures 
the thin skin attached rigidly to the bulkhead will re-- 
lieve the bonding moment in the bulkhead. The skin acts 
as a thin flange on a beam. The bonding moments in the 
bulkhead will depend both on the thickness of the skin and 
the rigidity of this shell structure in resisting deforma- 
tion of the bulkhead. In the model tests, since the v/ood 
support Was extremely rigid as compared with the bulkhead 
model, this stiffness might be considerably greater than 
in a full-scale structure. This ec^ries of "^ests was run 
on several circular rings of constant cross section to de- 
termine the effect of variation of skin thickness and 
length of support I on the bending moments taken by the 
bulkhead models. The loads on these rings were applied 
as shown in figure 9. Positive bending moments were as- 
sumed to produce tension in the inner edge of the ring. 

When the rings were loaded in this mr?nner, the maximum 
bending moments in the rings occurred, at approximately 
e = 75 . The values of the moments at 6 = 75^ v/ore com- 
puted for all tests as listed in table V.. In the tests of 
the diametrically loaded rings previously discussed, the 
boundaries of the model except at the point of application 
of the concentrated loads were free of external stress and, 
as a result, a determination of the tensile or compressive 
stresses at the boundaries could be obtained directly from 
a knowledge of the fringe orders. In the series of tests 
with the rings supported by shear reactions in the skin, 
the shear stress at the boundary of the bakolite models is 
not zero* In figure 18 is shown Mohr^s circle diagram of 
stress for the edge of the model attached to the skin. 
The stress s^ is the tensile or compressive stress at the 
edge of the ring; Sg is the shear stress, due to the skin, 

on the outer boundary of the ring; and (Ji - CJg ' is thJ 
difference between the principal stresses and. is equal to 
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a constant times the fringe order at the boundary. If tho 
angle 0 (fig. 18) is small, cos 0 is equal to approx- 
im^atcly l^OC, and it may "bo assumed with negligible error 



that the tensile stress 
a fringe order. 



is equal to n constant times 



In order to find cut wj;iether the angle 0 is small, 
a quantitative analysis of the values Sg and s^ w?^ s 
made as follows: From reference 2, 



and 



M = 



217 



W sin fl 
TiRh 



9 ; sin G + — cos 

2 



wlicrc E corresponds to R|;t as used in this paper. 
Thoroforc, 



Kc 
I 



2TThd L 



(tt - e) sin e + - cos e 

2 



From tho Kohr circle dingraa in figure 18, St = (a^-ag) cos 0, 
Also, from figure 18, 



0 = tan 



-1 2s, 



St 



therefore 
tan 0 = 



2W sin 6 (hd tt) 



TTEh (3 WE) i 1 - (tt - e) sin 



+ ^ cos 6 



or 



sin 6 



1 - (tt - 6 ) sin 6 + — CO s 6 



In table VI values of tan 0 and cos 0 were computed for 

a value of I' = 7. This quantity represents the value for 

the deepest model tested. These values of tan (5 and 
cos 0 are plotted in figure 19. Except at the points^ 
where the moment is eaual to zero, the factor cos 0 is 
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considered to "be so little different from 1.00, particular- 
ly at the maximum mouent , that s^. is equal to a constant 
times the principal stress difference - (J^ . In view 

of the fact that s. has such a value i all the moments 
were computed as though the "boundary shear stress v/ere 
equal to zero and the moments could "be obtained in exact- 
ly the sr.me way as in the tests of the rings under diamet- 
rical load. 

In figure 20 is shown the photoelastic fringe pattern 
for model 4, test 5, with a load of 120 pounds and support- 
ed in a skin of 0,020 inch thickness. The fringe orders 
for all fringes must he known. These may he ohtainod hy 
ohserving the formation of the fringes as the model is 
loaded* The location of the fringe orders at sections 
6 = ± 75 are given in table "VII . In figure 21 is plotted 
the fringe order against distance from the outer edge of 
the model. The difforonco botween the fringe orders on the 
outor and inner edges is 8 .20 - (-4.80) = 13 .00'. 3y count- 
ing the fringes and estimating the fringe order at the 
boundary, this same diffcronce v/as determined to be 12.95# 
By use of equation (l) 

M ^ d ^k (n^-fnt) ^ (0.0495)^ (90.6) (l5 .0) 
my; - 12 (WHj.^) 12 (120) (2.002)' ^-^^^i^ 

In ta.ble V are given the results of the complete se- 
ries of tests on circular rings mounted and loaded as 
shov/n in figure 9. In order that all results be put in 
nondimensi onal form, the .moments were all divided by WH?,{ . 
The length I of the cantilever support was divided by 
Dj^ and the thickness of the celluloid skin t was divided 
by d, Results of all those tests v;ero plotted as shown 
in figure 22. The series of curves for various values of 
l/Dj^ wore faired as a f.nmily. Those curves wore then 

cr 0 r~ s-pl ot t ed as shown in figure 23 in which the effective 

thickness t^ is defined by the equation 
e 

= .|cellaLlo,id 
^bakelite 



The curves in figure 23 indicate that as the length of the 
cantilever support is increased, the value of the mom.ent 
in the rings approaches asymptotic values nt an 1^ /^yi 
tio of approximately 1.0. The effect of the skin on the 



/ 
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^lonents of the ring is auite l^rge. In these te.sts the 

iuo.dulus of el.^sticity 3 of the celluloid skin is --^pprox- 

ir^n.tely 150,000 ^nd the nodulus of cl^-sticity of the h^ko^ 

1-1 tc is 548, 000* 

In using the photoclastic method to determine the mo- 
ments and forces in hulkhead models, it is recommended 
that all values of tests he corrected for the effect of 
the model skin and the length of support • If, for instance, 
a tost of a model is made at an I/Em ratio of 0.4 and a 
t/d ratio af 0.20, the moments in the model should then "bo 
corrected oy the use of figure 24. In figure 24 the factor 
I is plotted against l/Dj/ for various values of t/d. 
This factor ? may iDe written 



At the values mentioned, F is equal to 0.83. The moments 
ohtained in the test model, therefore, should ^oe divided hy 
0.83. Although this procedure will prohahly give values of 
M somewhat higher than would actually be obtained in prac- 
tice, it is nevertheless conservative and it is probahle 
th-t the skin effect on actual fuselages will he less than 
on the model. 

In several of the tests made, the models were so load- 
ed that the thin skin buckled ^nd formed tension, fields. 
On model 201, test 1, with a load of 16.05 pounds, the 
skin did not buckle. When the load was increased^to 20^.60 
pounds, very definite waves were formed- in the skin. The 
maximum values of M/WRj^, however, were very little dif- 
ferent, being slightly less for the buckled condition. On 
model 3, test la, the skin w-s not buckled under a load of 
72.70 pounds but was buckled under a load of 90.00 pounds. 
Again, the maximumx m.omont was affected very little 

In figure 25 curves are plotted showing the variation 
of moments with 0 for a typical circular ring loaded as 
shown in figure 9. In tahle VIII com.plete data are given. 
The values of the fringe orders n^ + were obtained by 

estimating the fringe orders on the boundary of the model. 
Since the^ loading and the ring wore were both symmetrical, 
the values were averaged at corresponding points on the 
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two sidos of the ring. The valuos of M/¥Rj,j v/erc correct- 
ed by the use of the factor ? in figure 24. Also plot-« 
ted in figure 25 .-^re theoretical values obtained "by the 
use of equations in reference 2. As in the tests for dia- 
metrical loads, the n-xaxirium mononts obtained froiu the test 
of the nodol are soncwhat higher than those given by the 
the orotic a 1 solution. 

F'rori this scries of tests, it appe-^rs that almost any 
convenient values nay be selected for nodel dinensions, 
skin thicknesses, length of span, etc., a.nd corrections 
can be nade in accordance with the nethod outlined. It is 
reconriended, hovrever, that an average diameter of nodel of 
3 to 3-| inches, a cantilever span of about 1^ inches, and 
a celluloid skin about 0.020 inch thick be used. These 
dimensions give a model of sufficient size to be easily 
worked and constructed. 



Model 8 represents a typical bulkhead coriposed of a 
floor beam attached to a circular ring. Dimensions of the 
nodel are shovm in figure 26. The fringe pattern of the 
nodel loaded v/ith a total load of 61.2 pounds is shown in 
figure 27. Sone stress analysts have analyzed this struc- 
ture on the assumption that the floor bean merely trans- 
ferred the loads to the points of attachm.ent of the floor 
beans to the rings. This assumption is not justified, 
however, as the stiffness of the floor bean has a narked 
effect on the distribution of stress in the ring as a whole 

?or this bean 



T3STS OP TYPICAL 3ULKH3AI) MODELS 



Tests of Kodel 3 



d^ k (ng -f nt) 
12 (V/Hm) 



= 0.0C412 (nc + nt) 



Dm 



1.70 
2.76 



0.618 



and 



t_ 

d 



0,020 
0.215 



0.093 
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ProTi fi^:ure. ?A ^ = 0.928 * In table IX are shox^rn the cal-- 

culations for the values of M/¥Ej/ at various points 
around the ring. The theoretical values in this table were 
obtained fron an unpublished paper by Vfayne Wiesner enti- 
tled "Monocoque Fuselage Braced Circular Ring Analysis''^ 
which I'las written in 1940 in conpetition for United Air 
Line Scholarship Awards. The value of Vi/\IRy^ in the floor 
bean itself between the loads is equal to 0.0642. Both 
sets of Values, observed and theoretical, ere plotted in 
figure 24, 

This structure is an excellent exnnple of the value 
of the photoelastic method. Fron nn analytical standpoint, 
the structure has six redundancies. In using the photo- 
elastic iuethod, however, the number of r edundancie s doe s 
not complicate the analysis. V/iesner's theoretical solu- 
tion applies onl^?- to structures where the nonent of inertia 
of the ring is constant. The photoelastic rActhod, hov;ever, 
can bo applied just as easily whether or not the :.:onent of 
inertia of the ring is constant. 

Test of Model 6 

The navin wing beams of nany airplanes are attached 
directly t-o r>. bulkhead. 'Model 6 (fig. 5 ) " r epr e sent s such 
a combination. In. scvcrp.l airplanes having this type of 
arrangoncnt, the ratio of the moment of inertia of the 
b.eam to the moment of inertia of the bulkhead ring was of 
the order of 1000 to 1200, In order to obtain a stiffness 
ratio this high in the model, brass plates were bolted to 
the sides of the. bakelite 'spar to stiffen that part of the 
model. The model was tested at a ratio of SI of the 
bean to SI of the bulkhead ring of 1142. The dimensions 
of model 6, which is made of bakelite, are given in figure 
28.. The loads were applied a distance b from a center 
line in such a way that the bending moment at the inter- 
section of the spar and the ring would represent the mo- 
ments that would be obtained on a normal cantilever wing. 
Figure 29 shows the fringe pattern obtained on the ring 
with a total load W = 79.6 pounds. The value of M/WR^/j 
for the ring is given by M/WRm = 0.00263 {n^ + n^ ) . The 
ratio l/% is 1.00, ^nd the ratio t/d is 0.102. Prom 
figure 24 the' factor F equals 0.93. The loads 1^/2 wer.e 
applied at a distance b/^T/ = 2.50 from the center line. 
In table X- are shown the values of M/W% for this model. 
These values are plotted in figure 28. Iron these results 



18 



IIACA Technical ITote ilo. 870 



it is seen that the structure would "be nore efficient if the 
top of the ring were lightened as compnred with the sec- 
tions down near the v/ing root. 



Test of Model 9 

i-iany fuselage structures are elliptic rnther than cir- 
cular in section. A test v/as made of an elliptic ring 
model, model 9, to show application of the method to ellip- 
tic rings. The model was constructed oy first laying out 
a metal template- 0.032 inch under size on "both the inner 
and the outer edges. The .model was then cut in the same 
manner as the f lying-hor. t-hulkhe.ad model previously de- 
scrited. The major diameter of the neutral axis of the 
ellipse was 5. -66 inches and the minor diameter v/n s 2.70 
inches. A nondimen si onp.l plot, of moments for the circular 
rings was ohtained "by dividing • the . moment "by the load 
times the radius. Since the radius of the circle may he 

considered as equal to /tt, in order to ohtain a non- 

dimensional plot of the mom.ents for the elliptic ring, the 
moments were divided "by j -u = //ah, where a i j the 

somimfijor axis and h is the sem.iminor axis. In order to 
ohtp.in a correction factor from figure 24, the ^/j^m 3:a,tio 

I 113 

was considered to "be oaual to 7"" ^ ^^^^142 ^-^^^ 



2 yah 



ratio, t/d for this test' was 0.067. Then,- from figure 24, 
^ = 0.92. In figure 30 is shown a drav/ing of the model 
and a definition of the angle . The fringe pattern- i.or 
model 9 is shown in" figure 31. In tahle XI are given the 

M 

Ccalculat ions for - These values -^^re plotted in lig- 

w */a o 

ure 30. It should "be noted that these values will he ap- 
plicahle 02ily, hox-/ever, to an elliptic ring with a 'ratio 

a/h equal to or 1.355. 

Test of Model 7 

In figure 5 were shown the ordinate s and a drav^ring of 
the f lying-hoat-hulkhead model 7. Also on this figure is 
shov/n a drawing of the hrass template used for cutting the 
model. The neutral axis of this model is geometrically 
similar to the neutral axis on a typical full-scale flying- 
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boat bulkhead for which dr.ta were available. The dimension 
d of the model is such that the ratio between momonts of 
inertia of any two sections on the model is the same as the 
ratio betv/een moments of inertia of any two corresponding 
full^-scalo sections. In figure 32 is shown the model set 
up for test« Loads v/ere applied to steel straps. Loads 
from the steel straps were distributed to rubber spacers 
which, in turn, distributed the loads to the model. The 
loading' condition represents an equally distributed load 
over the bottom of the hull of 2.505 pounds per inch on 
the bottom, or a total load of 115,2 pounds. As for the 
case of the ellipt ic *"r ing, in order to make a nondimen- 
sional plot, the moments were divided by the product 

TT, v/here A is equal to the included area inside 

the neutral axis of the model. For this model, A = 8.70 
square inches. The length of the cantilever support wa,s 
2.20 inches and the thickness of the skin was 0.020 inch. 

The value of ^-^ — - was 0,393 d^ (n^ + ) . In figure 

W /a/ 71 

33 is shown the fringe pattern under the loading condition 
described. The calculations for determining the corrected 

values of ■■ ■ for this model are given in table XII, 

w yr/TT 

As the depth of the cross section was not a constant, the 
value of t/d varied and, consequently, the factor F as 
determined from figure 24 also varied. The moment curve 
for this bulkhead is plotted in figure 34. 



DETERHIIIATION 0? SHEAR FORCES AlTD AXIAL LOADS 
IN THE BULKHEADS 



The technique and the examples given have emphasized 
the method of determination of moments in the bulkheads. 
In general, if the moments are known at all sections and 
the external shear reaction in the skin is determined by 
the usual methods, from principles of statics the axial 
loads and shear forces in the bulkheads may be determined. 
The shear force at any section in the bulkhead, however, 
may also be obtained from the slope of the moment diagram. 
For instance, if the moment in the bulkhead is plotted 
against G as in figure 17, the shear force S is equal 

— 7^^7~\" or, in general, is equal to dH/ds, where 
R^ V d 6 j 

s is the distance along the neutral axis of the bulkhead. 
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Axial loads at tho sections of niFixinum raoncnt may "bo 
determined "by finding tho component of average stress par- 
allel to the neutral axis. In figure 15 comoined stress 
duo to Donding noncnt and axial load is plotted against 
the depth of the bulkhead. The net area under this curve 
divided hy the depth of the bulkhead d is equal to the 
unit stress produced by the .axial load. This average 
stress imltiplied by the cro s s- se ct i onal area will give 
the axial load. 

At sections whe^re the nonent is not a naxinun, an es- 
timate of the axial load nay be obtained by assuning a 
linear distribution of bending stress and taking the aver- 
age fringe order existing at the section* This average 

nay be obtained by t-^.king — ^ — — — If at a given section 

the fringe order on the tension side is 6.0 r.nd the fringe 
order on the compression side is 2.0, the average fringe 

order is then ^-^-^ — = 2.0. The average stress s^^r 

on av 

/nf ~ n^N 

equals k — — — J n.nd the axial load P equals s,^d. 

This method of determining the axial lend m^ay be con- 
siderably miore in error than that used for the determina- 
tion of nom.ents» The determination of moments depends on 
the sum. of the fringe orders whereas the axial load depends 
upon the difference; as a result, a sm^all error in deter- 
mining individual fringe order might cause considor?ible er- 
ror in deterr.ining this difference. It is suggosted that 
if axi a 1 loads are desired they be determined approximate- 
ly by tho method outlined and checked by use of the equa- 
tions of statics using tho values of rxoments previously 
dot orm.incd« 

CONCLUSIONS 



1» It is boliovcd that the photoelastic method of 
stress analysis discussed heroin is readily applicable 
to the solution of the statically indeterminate problor.s 
involved in the stress analysis of bulkho-^.ds and that this 
m.ethod is more accurate than those analytical m.othods com- 
mionly used* 

2. If the bending moments, the axial loads, and the 
shears are doterriinod at every section in a bulkhead, the 



HACA Technical iTote Ho. 870 



st ro s s-rana.lysi s pro"bleni involved is then nercly to check 
to see if the full-scale "bulkhead has sufficient nor.ont of 
Inertia and cr o s s- so c t i onal area to resist these known 
forces and nonents. 



Oregon State College, 

Cor'^allis, Oreg*, June 1942. 
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TABLE I 

DrMSlTSIOIIS O'f CIECULAE Hlxia MODELS 



[Symliols defined m fig. 2. All dimensions in in.] 



Ring 
aodel 


Do 


^i 




d 


h 


1 


2.830 


2.342 


2.586 


0.244 


0. 368 


2 


2.258 


1.738 


1 .998 


.260 


.313 


3 


3.350 


2,650 


2.980 


.360 


.310 


4 


4 .500 


3 .510 


4 .005 


.495 


.309 


4a 


4.458 


3 .482 


3 .970 


.488 


. 293 


401 


4 .535 


3 .629 


3 .982 


, v5 D 3 


.262 


301 


3.284 


2.742 


3.013 


.271 


.268 


201 


2.188 


1.846 


2.017 


.171 


. 269 



TABLE II 

RESULTS OJ DIAK3THICAL LOAD TSSTS 



Oil MODELS 1, 2, 3, AlTD 4 

[Theoretical M/lfHH = 0.1817 (90°). V.-^.lues of M/WRm are 
average of values obtained at 6 = 90° and e = 270°] 



Model 


Test 


Load, W 
(It) 


Mean radiiis 
% 

(in.) 




(Linear stress 
distribution 
assumed) 


(Computed from 
actual stress 
districv.tion) 


1 


(a) 


Ic.OO 


1.293 


20.6s 


0.2050 


0.2 J. 20 


2 


3 


27.30 


.999 


27.29 


.1965 


.l^'O 


3 


3 


3S.b0 


i.kso 


57.50 


.2000 


,2020 


k 




51.30 


2.002 


102. s 


.2000 


.2005 
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TABLE III 

MEASURSMSUT OF LOCATION OF FSIHGSS, FHOH FIGUHS 12 

[Model 4; test 3; diametrical load, 51.3 Ih; origin on 
outside boundary of ring; diameter of ring in photo- 
graph, 3.82 in.; actual diameter of ring, 4.50 in.; 
ratio of diameters, 4.50/3.82 = 1.178] 



Fringe 
order 


Left section 
6 = 90° 


cr 

( lb/ sq in . ) 


Sight section 
e = 270° 


I'ista.nce froa origin 
(in.) 


Distance from 
(in.) 


or i gin 


Phot ographi c 


Actual 


Phot ographi c 


Actun-l 


-4.5 


0 


0 




-1330 


0 


0 


-4 


.025 


.029 




-1180 


.023 


.027 


-3 


.070 


.082 




-385 


.069 


.081 


-2 


.115 


.135 




-590 


.102 


.120 


~1 


.160 


.189 




-295 


.156 


.184 


0 


.200 


. 23 5 




0 


.196 


.231 


1 


.236 


.278 




295 


.234 


. 276 


2 


.274 


.323 




590 


.269 


.307 


3 


.308 


.365 




885 


.303 


.357 


4 


.340 


.400 




1180 


.334 


.394 


5 


.380 


.448 




1475 


.365 


.450 


6 


.405 


.477 




1771 


,398 


.469 



TA3LS IV 



TALUS S OF C-' 


AlTD y > liB 


ASUHSD FROM FIGUEJS 


12 


Distance from 




1 — - " ■— .... -, 

0"' 




origin 


(in.) 


(Ib/sq in.) 


0-' y' 




(1) 


(3) 




G 


-0,26 


-1480 


385 


.04 


- .22 


-1270 


280 


..08 


-.18 


-1050 


191 


.12 


-.14 


.-840 


117 


.16 


1 c 


-615 


61.5 


.20 


-..06 


-3 3 5 


23 


.24 


-..02 


-130 


2.6 


.28 


...02 


145 


3.9 


.32 


.05 


425 


35,5 


.36 


.10 


720 


72 


..40 


.14 


1030 


144 


.44 


,18 


1315 


337 


.48 


.22 

. . . 


650 

- .- - 


3 63 



^The syin'ool represents distance from neutral axis. 

^The symlDol cr^ represents stress due to l^ending only. 
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TABLE V 

EESULTS OP TESTS OH CIRCULAR RIHGS 
SUPPORTED AS BULKHEADS IT, M0IT0C0QU3 SHELLS 



[e = 75°] 









Skin 


1 

Mean 


Ring 


Canti- 


Taper 


-T — 


7 






Model 


Test 


Load, ¥ 


thick- 


diam- 


depth, 


lever 


angl e 


t 


Fig- 








ness 
t 


eter 
Di^i 


CL 


span 


P 






d 


ure 






(It) 


(m. ) 


(in.) 


(in. ) 


(in.) 












p 


r 

D 


7^ nn 
/ D • uu 


n non 




n o^^n 


n 7Qf 
U. 


0 R 


n njfQi 
u • U6yi 


n 1 cc! 


n ncn 

U»UoU 


j5 




1 
j- 




• u±u 


0 m 7 

c • U± ( 


T 71 

• ± / J. 


p ^^p 


p n 
d • u 


1 DP^n 
• xunu 


1 7nn 

X • j)UU 


• upo 






J. 


PD 

i-U • DU 


m n 

• UXU 


0 m 7 

d • Ul / 


1 71 

.1/1 




p n 
c • u 


1 n7 c 


1 7nn 
1 •^^UU 


np:c 
• U90 


51 


T 
J 


±a 


/d. f u 


m n 

• U-LU 


0 0 $?n 


7/^n 

• jOU 


7C 


n 

• U 


no) 1 


1 0 c 


noc 


70? 


•z 

J 


±a 




• UJ.U 


0 Of'n 


.360 




n 
• u 


no 7p: 


1 oc 


• Uco 


7Q 


-7 
J 


1 


H-/ •Uu 


m cr 
• Ul|;) 


0 n cn 
d . S oU 


OC'U 


0 ^n 
bU 


^•5 


T n7n 
• lU^U 


• b7^=- 


n^ 1 0 


kn 
H-U 


7 


D 


77 nn 


non 
• Uc:U 


0 n cn 


7^n 


70 


0 c 


nnn7 


fn 


• U^b 


41 






)l7 nn 


non 


0 0 cn 


7 ^^n 
• ^bU 


1 in 
1 •lU 


0 

2.5 


nn c "7 


Ooy 


ncr^T 
• U!;)b 


)ip 




li 


H7 nn 
M-f • UU 


non 
• UcU 


0 n c?n 


• j)OU 


1 in 
1 .10 


0 r 


T ni 
. 1 Ul 9 


7^n 

ooy 


nrciC 
• U^O 


k7 




k 


77 nn 


npn 


d • ^oU 


• ^ou 


1 in 
1 • lU 


p 

^0 


imp; 


• j)oy 


• U9D 


kk 


7 

J> 


0 


77 nn 


• u^u 


c .^^oU 


7^n 


1 in 

1 • lU 


p R 


nock 


7kQ 


np;^ 


kp; 


T 


C 
0 


Qi in 
wiU 


nc^T 
• U9I 


0 n c2fn 
c.y oU 


7i^n 


70 




nnm 

# uyui 


p)in 


1 )io 


k^ 


J> 


f; 
9 


)i7 nn 

^( • UU 


nci 


0 n cn 


• 3oU 


1 in 
1 .lU 


0 


nn7n 


*z fCo 

oby 




)L7 

^7 




tr 

D 


"7"? nn 
77. UU 


ncT 
. U9I 


0 n cn 

d . ybu 


. j)oU 


T in 
1*1U 


20 






T ) 1 0 






tr 


^17 nn 
4( •UU 


nco 


0 n cn 




T in 
1»1U 


2.5 


nc7o 


7^n 

.359 


0 oc 


4o 


3 


5 


77.00 




2.9SO 


• 360 


1.10 


2.5 


.OS6O 


.369 


.22s 


1+9 




1 


27 ^0 


• UJ. J 




P71 


P rip 




1 npo 




• U|^U 


pu 


301 


1 


39.00 


.015 


3.013 


.271 


2.62 


2,5 


.1020 


.S70 


.056 


51 




1 


77.00 


.020 


U.005 


.1+95 


1.10 


2.5 


.09PS 


.275 


.oiw 


52 




5 


SI. 20 


.020 


U.005 


.1+95 
.1+95 


1.10 


2.5 


.0995 


.275 


.oUo 


53 




5 


120.00 


.020 


!J-.005 


1.10 


2.5 


.0995 


.275 


.oUo 


20 




5 


120.00 


.051 


11.005 


.1+95 


1.10 


2.5 


.095U 


.275 


.103 


51+ 






120.00 


.0S2 


1^.005 


.1+95 


1.10 


2.5 


.0S90 


.275 


.166 


55 




5 


15s. 50 


.I6U 


l^-.005 


.U95 


1.10 


2.5 


.06S2 


.27s 


.331 


56 




la 


79.10 


.010 1 


3.970 




.32 


.0 


.0955 


.096 


.021 


57 




la 


115.30 


.010 i 


3.970 


.i+Sg 


.30 


.0 


.0952 


.096 


.021 


5S 




5 


120.00 


.020 1 


3.970 


.'4S3 


1.10 


2.'5 


.0937 


.277 


.OUO 


59 


^a 


6 


120.50 


.020 i 


3.970 


.l+SS 


1.10 


2.5 


.0962 


.277 


.oiw 


60 


l|a 


6 


139.20 


.123 


3.970 


.1+SS 


1.10 


2.5 


.OSOO 


.277 


.123 


61 


Uoi 


1 


i+7.10 


.020 


3.9S2 


.353 


2.62 


2.5 


.097^ 


.656 


.057 


62 


Uoi 


1 


62.00 


.020 


3 -982 


.353 


2.62 


2.5 


.0963 


.656 


.057 


63 
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TABL3 VI 

COMPUTATION 0? C0RR3CTI0IT PACT OH 
TO BS APPLIED ?0E SKI IT SH3AR 3THSSS 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


6 . 


sin 6 


(— —t 

j^l-dr-G) sin 6 + ^ cos 6 


Cnlninn ( 

Column (3) 


tan ^' 

i - i 

H ~ 4 


COS 0 

1 - i 
P. " 4 


0 


0.000 


-1 . 500 


0 . 000 


0 . 000 


1.000 


1 5 


?59 


. 73? 


- ,351 


- . 015 


.999 


30 


• 500 




-4 . 07 


- . 170 


.989 




707 


.307 


2 30 


.096 


.99 2 




^ W W 


» w v»y 


1 54 


. 064 


.995 


75 


.966 


.644 


1.48 


.062 


.995 


90 


l.OOC 


.570 


1.75 


.073 


.994 


105 


.966 


.394 


2.45 


.102 


.992 


120 


.866 


.160 


5.36 


.223 


.975 


135 


.707 


-.091 


-7.76 


_ .333 


.945 


150 


.500 


• -.305 


-1 .64 


-.068 


,992 


165 


.259 


-.449 


-.59 


- .025 


.998 


180 


.000 


-.500 


-.00 


.000 


1 .000 
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TABLS YII 

IffiASUHSMSETT 0? LOCATION 0? PfilEGSS, FHOM ?IGUE3 20 

[Model 4; test 5; skin thickness, 0.020 in.; diametrical 
load, 120 lb; origin on outside 'br-indary cf ring; mean 
photographic depth, 0.383 in.; mean actual depth, 0.495 
in.; ratio of depths, 0.497/0.385 = 1.295] 



Left section 
e = 75° 



Distance from origin 
(in.) 



Photographic Actual 



-5.0 


0 


0 


-4.0 


. 02d 




-3.0 


.061 


.075 0 


-2.0 


.100 


.1295 


-1.0 


.132 


.171 


0 


.170 


.220 


1.0 


.200 


.259 


2.0 


.231 


.299 


3.0 


.258 


.334 


4.0 


.285 


.369 


5,0 


.310 


.401 


5.0 


.336 


.435 


7.0 


,354 


.458 


8.0 


.382 


.49 5 



Ei^ht sectior. 

"e = -75° 



Distp.nce from origin- 
(in.) 



Photographic Actual 



.033 
.069 
.107 
.145 
.175 
.205 
.23 6 
. 265 
.291 
.319 
.542 
.368 



.0427 

.0892 

.1385 

.1875 

.226 

.265 

.305 

.343 

.376 

.4125 

.4425 

.476 
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TABLa ?III 
MOMBilTS FOR CIECULAR RING M0D3L 



[Model 4; test 5; skin thickness, 0.020 in.; diametrical 
load, 120.0 Ih. See fig. 25.] 



e 




Airerage 


M 
WRm 


1 

Corrected 


The or ot i cal 


0 
0 
15 
-15 




















-0.238 


- lo . o 
^15.0 


-13 .15 


-0.1005 


-0.110 


-.117 


30 
-30 


^3 .1 
-5.3 


-3 . 20 


- .024 


- .026 


- .020 


45 
-45 


7,0 
7.0 


7 . 00 


.054 


.059 


.049 


60 
-60 


11 .2 


11.40 


. 087 


.095 


.089 


75 
-75 


13 .0 
12.9 


12.95 


.099 


.108 


.102 


90 
-90 


11.8 
11 .7 


11.75 


.090 


.098 


.091 


105 
-105 


7,8 
7.7 


7.75 


.059 


.054 


.063 


120 
-120 


4.0 
3.0 


3 .50 


.028 


.031 


.025 


135 
-135 


-1.5 
-1.5 


-1.50 


- .012 


-.013 


- .014 


150 
-150 


-4.9 
-5.1 


-5.00 


- .038 


- .042 


-.049 


155 
-165 


-S .1 
-8.2 


-8.15 


- .062 


- .068 


-.072 


180 
-180 


-9.5 
-9.5 


-9.50 


-.073 


- .080 


-.080 



^Corrected "by use of correction factor F from fig. 24, 

^Theoretical values computed by use of equation from ref- 
erence 3. 
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TABLE IX 

MOMSKTS JOS CISCULAH HIKG- AND FLOGS 33AH M0D3L 
[Model 8; total lo^id, 61.2 Id] 



c 

0 


^ =^t 


1 

Average 


M 


Correct ed 


Theoretical 

(1' 


0 

0 


10.2 
10.2 


TOP 




0 04 5 


0 . 03 6 


15 
-15 


5.0 
5.0 


^ 0 


OPl 
, W O J- 


• V ^ 


0P4 


30 
-30 


-3.0 
-2.0 


O ^ 

— <d • 0 


— » U 1 vj 


mi 

— . U X X 


— ♦ U Oi? 


45 
-45 


-22.0 
-19.0 


- 21 . b 


A O Q 


o R 


— . U5U 


60 










r-.i2i 

^-.002 


-60 










75 
-75 


6.5 
6.7 


6 .S 


.027 


.029 


.034 


-90 


IT ^ 
X -L • <C/ 

11.0 


11.1 


.046 


.050 


.046 


105 
-105 


10.5 
8.3 


9.4 


.039 


.042 


.042 


120 
-120 


5.0 
4,5 


4.7 


.019 


.021 


.027 


135 
-135 


1.0 
1.0 


1.0 


.004 


.004 


.006 


150 
-150 


-4.0 
-4.5 




^.018 


-.019 


-.012 


165 
-165 


-6.5 
-7.5 


-7.0 


-.029 


-.031 


-.027 


180 
-180 


-8.0 

-8.0 


^8.0 


^.033 


- .03 5 


-.051 



Theoretical values taken from an unpul)li shed paper "by 
Wayne Weisner entitled "Monocoque Fuselage Braced Cir- 
cular Ring Analysis" written in competition for United 
Air Line Scholarship Awards in 1940. 
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TABLE X 

MOMEiq-TS FOP- MAIIT-SPAE BULKHEAD MODEL 



[Model 6; '^s^'^iL = 1^42; b/Rj^ = 2.50] 



u 




1 

Average 


M 

M 


Corrected 


75 


6.0 












6 . 0 


0 . 016 


0 017 


-75 


K 0 








90 


-4.1 












-4- 1 


• W X X 


— . W X <c> 


-90 


-4 . 1 








105 


-8.0 












-8 .5 


- .022 


- . 024 


-105 


-9 .0 








120 


^8.0 












-8 . 0 


-.021 


-.023 


-120 


nrS .0 








135 


-^3.8 












-3.6 


^.009 


-.010 


-135 


^3.4 








150 


2.2 












2.1 


.006 


.006 


-150 


2.0 








175 


6.5 












5.5 


.014 


.015 


-175 


5.5 








180 


7,0 












7.0 


.018 


,019 


-180 


7*0 
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XI 

MOMENTS FOE jSLLIPTIC EIHG MODBL 
[Model 9; total load, 47.0 lb] 



e 


iif, + n4. 


A Tr o v» Q CO 

/ c? X ci J3 


1 


Corrected 
M 






V 


5 
-5 


17.0 
16. C 


16.5 


-0.152 


~0 •ISo 


15 
-15 


8.6 
7.5 






• U O X 


30 
-30 


-1.4 
-2.2 


-1.80 


. 015 


.018 


45 
-45 


-5.0 
-5.6 


-5.50 


. 049 


. 053 


60 
-50 


-7.3 
-7.3 


-7.30 


. 057 


. 073 


75 
-75 


-7.4 
-7.1 


-7.25 


.067 


.073 


90 
-90 


-7 0 
-5.7 


-7.35 


.053 


.063 


105 
-105 


-5.0 
-4.3 


-4.55 


.043 


.047 


120 
-120 


-3.2 
-2.8 


-3.00 


.028 


.030 


135 
-135 


0.0 
0.0 


0.0 


.000 


.000 


150 
-150 


2.6 

3.3 


2.9 5 


-.027 


-.029 


165 
-165 


5.0 
5.5 


5.25 


- . 048 


-.052 


180 
-180 


6.0 
6.0 


6.00 

1 


-.055 


-.050 
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TABLE XI r 

MOMSITTS FOR PLYIHG-BOAT BULKHEAD MOD; 
[Model 7; total load, 115.2 11)] 



\ Ave rage 



M 



t /d 



Carre c ted 



wyA/TT 



0 
10 
-10 
30 
-SO 
30 
-30 
40 
-40 
50 
-50 
60 
-60 
70 
-70 
80 
-80 
100 
-100 
120 
-120 
140 
-140 
150 
-150 
160 
-160 
170 
-170 
180 



3.1 
4,5 
4,2 
6 .2 
5.8 
8 .3 
8.5 
11.0 
11,0 
14.5 
14.0 
0,0 
0,0 
-3.0 
-5.0. 
-13 .0 
-13.0 
-10.0 
-9 . 0 
-4.0 
-5.0 
-.0 
-,0 
3,1 
2.0 
5,5 
3.7 
5,6 
5,2 
5.7 



3.10 
4.3 5 

6.00 

8 .40 

11 .00 

14.25 

.00 

-3. 00 

-13.00 

-9 .50 

-4.50 

.00 

2.55 

4.60 

5.40 
5.7 0 



1 .03 0 
.850 

.700 

.585 

.440 

.29 5 

.304 

.480 

.280 

. 255 

.255 

.260 

.295 

.260 

.255 
.250 



1 .060 
.722 

.490 

.342 

.194 

.087 

.092 

.221 

.078 

.065 

.065 

.0576 

.087 

.0676 

. 065 
.0625 



0'.1288 
.1235 

.1155 

.1130 

.0838 

.0477 

.0000 

- .0261 

- .0398 

- .0243 

-.0115 

.0000 

.0087 

.0122 

.0138 
.0146 



0.019 
.024 

.039 

.034 

.04 6 

.068 

.06 6 

.042 

.071 

.078 

.078 

.077 

.068 

.077 

.078 
.080 



0.98 
.98 

.97 

.97 

.96 

.95 

.95 

.96 

.95 

.94 

.94 

.94 

.95 

.94 

.94 
.93 



0.1315 
.1260 

.1190 

.1150 

.0874 

.0498 

.0000 

-.037 2 

-.0419 

-.0258 

- .0122 

.0000 

.0091 

.0130 

.0147 
.0157 
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Figs. 1,3 




Figure 3.- Bulkhead models. 
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Fig. 2 




Figure 2.^ Hing model dimensions. 
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Figs^ 4,7 




Figure Model "being cut in vertical mill. 
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Fig. 5 



9 


r 






(in.) 


(in.) 


0 


1.38 


1.030 


10 


1.33 


.850 


20 


1.32 


.700 


30 


1.35 


.585 


40 


1.43 


.440 


50 


l.oS 


.295 


SO 


1.73 


.304 


70 


1.84 


.480 


SO 


1.69 


.280 


100 


1.50 


.255 


120 


1.50 


.255 


140 


1.72 


.230 


150 


1.34 


.295 


160 


1.86 


.260 


170 


1.82 


.255 


180 


1.81 


.250 
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figs. 6,9 



Drill Press Chuck 



Vertical Mill 



CouLA,R, 



Bakelite 
Wood Base 




I— 0.032"" 



Cemented Surfaces 



FiauRE G.-Method of Machining 

MODEL 




FlGURE 9 

Details of Model Mounting 
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Figs. 8,10 




Figure 10.- Ring model loaded for test. 




c/^li&mtjon 3€m1 
Test No's, 3 rnd 4 



Figure 13.- Photoelaetic fringe pattern foi^ 

calibration beam loaded at 
quarter-span points. 




Figure 20.- Photoelastic fringe pattern for of the 

model 4, test 5. Skin thickness, pattern 
0.020 inch; diametrical load, 120 pounds. is the 




Figure 27.- Photoelastic fringe pattern for 

model 8. Total load, 61.2 pounds. 
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Model no.4. ."Test no. 3 














Diametrical load 5«3 lb 
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Figs. 24,25 
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Photoelastic fringe pattern for 
model 6. 
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Figure 33.- Photoelastic fringe pattern for 
model 7. Load, 115.2 pounds. 
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Figure 35.- kodel 2, test 6; skin thickness, 
0.020 inch; load, 76.00 pounds. 
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Figures 36,37,38,39.- 
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Photoelastic fringe patterns for circular rings xested. (See table V.) 
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Figures 40,41,48,43.- Photoelaetic fringe patterns for circular rings tested. (See table V.) 
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Figures 44,45,46,47.- Photoelastic fringe patterns for circular rings tested. (See table V.) 
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Figures 48,49,50,51.-- Photoelastic fringe patterns for circular rings tested. (See table V. ) 
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Figures 52,53,54,55.- Photoelastic fringe patterns for circular rings tested, (See table V.) ^ 
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Figuraa 56,67, 58, 59.- Photoelastio fringe patterns for circixlar rings tested. (See table V.) 
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Figures 60, 61, 62,63.- Photoelaetlc fringe patterns for circular rings tested, (See table V#) 
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